Abstract An infection with Angiostrongylus cantonensis, the main causative agent for human eosinophilic encephalitis, can be acquired through the consumption of the freshwater snail Pomacea canaliculata. This snail also provides a suitable model to study the developmental morphology and behavior of A. cantonensis larvae, facilitated by the snail's distinct lung structure. We used microanatomy for studying the natural appearance and behavior of A. cantonensis larvae while developing within P. canaliculata. The distribution of refractile granules in the larval body and characteristic head structures changed during the developmental cycle. Two well-developed, rodlike structures with expanded knob-like tips at the anterior part were observed under the buccal cavity as early as the late second developmental stage. A "T"-shaped structure at the anterior end and its tenacity distinguished the outer sheath from that shed during the second molting. Early first-stage larvae obtained from fresh rat feces are free moving and characterized by a coiled tail, whereas a mellifluous "Q"-movement was the behavioral trait of third-stage A. cantonensis larvae outside the host tissue. In combination, the distribution of refractive granules, distinct head features, variations in sheaths, and behavioral characteristics can be utilized for differentiation of larval stages, and for distinguishing A. cantonensis larvae from those of other free-living nematodes.
Introduction
The rat lungworm Angiostrongylus cantonensis is a zoonotic nematode endemic in different parts of the world (Kliks and Palumbo 1992) . The majority of all human eosinophilic encephalitis cases in East Asia, Southeast Asia, the Pacific islands, and the Caribbean can be attributed to infections with this parasite (Wang et al. 2008 ). An infection with A. cantonensis usually results from the consumption of raw or undercooked mollusks and paratenic hosts harboring infectious third-stage larvae (L 3 ; Rosen et al. 1967; Tsai et al. 2001 ). An infection can also be acquired through the consumption of contaminated salad (Slom et al. 2002) and vegetable juice (Tsai et al. 2004) . A wide variety of mollusks can serve as intermediate hosts for A. cantonensis (Lv et al. 2008; Wang et al. 2008) . Two species are of particular importance for transmission, namely, Achatina fulica and Pomacea canaliculata. A. fulica is a terrestrial snail, which plays an important role in the worldwide transmission of A. cantonensis (Kliks and Palumbo 1992; Caldeira et al. 2007) . P. canaliculata is a big freshwater snail implicated in numerous case reports and outbreaks of eosinophilic encephalitis in East Asia and Southeast Asia, especially China (Tsai et al. 2001; Lv et al. 2008) .
P. canaliculata was imported in Southeast Asia around 1980 with the aim of farming this snail as a source of protein.
In the meantime, P. canaliculata has become widely distributed throughout the region (Joshi and Sebastian 2006) . The snail has not only damaged crops and altered microenvironments, but has also facilitated the spread of A. cantonensis, since it has become a popular food dish in certain regions (Tsai et al. 2004; Lv et al. 2008) .
There is a dearth of rapid and sensitive methods for the detection of A. cantonensis larvae within P. canaliculata. Recently, a novel detection method based on microanatomy has been presented (Liu et al. 2007 ). Conventional methods include artificial digestion, tissue fixation, and staining, and these approaches have been used to study the morphology of A. cantonensis and to identify its larvae. However, these conventional methods contain a number of shortcomings for the rapid detection of A. cantonensis in snails. For example, artificial digestion can destroy larval sheaths, which represent important criteria for stage identification. Worse, artificial digestion can even destroy the entire larval body. It is also important to note that most studies focused on the morphology of L 3 , while features unique to first-stage larvae (L 1 ) and second-stage larvae (L 2 ) were neglected. Fortunately, specific tissue structures of P. canaliculata allow recovering of the entire larvae by microanatomy, facilitating the systematic study of their morphology and behavior at different developmental stages. The objective of this study was to describe the morphology and locomotor behavior of A. cantonensis over the course of development within P. canaliculata.
Materials and methods
Parasite, snail, and experimental infection L 3 of A. cantonensis were obtained from naturally infected P. canaliculata in Lianjiang in Fujian province, southeast China. A total of five Sprague-Dawley (SD) rats were infected by intragastric injection of 50-80 L 3 each. Thirtyfive days postinfection, fresh feces (i.e., not older than 12 h) were collected from infected rats and L 1 harvested by the Baermann technique (Barçante et al. 2003) . Morphologically unambiguously identified A. cantonensis larvae (Hata and Kojima 1990) were then used to infect P. canaliculata for establishment of the parasite life cycle in the laboratory.
Eggs of P. canaliculata were obtained from Fuzhou in Fujian province, China and cultured in the laboratory to ascertain that developing snails remained uninfected throughout the study. A total of 80 adult snails (weight >10 g) were used for the experiment. The snails were fasted for 48 h, and groups of five snails were exposed to a 200-ml suspension of 40,000 L 1 in a dish (radius=8.5 cm, height=6.5 cm) for 12 h at room temperature. Subsequently, the snails were transferred to aquariums with clean water kept at a temperature of 21±1°C and fed a mixed diet consisting of vegetables and dried fish food.
Morphological investigation
Morphological investigation of developing A. cantonensis within P. canaliculata focused on the distribution of refractive granules, head features, and sheath structures. Refractive granules are defined as the refractive material in the larval body when observed under a microscope. To obtain undamaged larvae, we performed microanatomy under a binocular dissecting microscope. After experimental infection of the snails, every second day, 2 P. canaliculata were sacrificed, and the lung was isolated to recover A. cantonensis larvae. The larval capsules on the lung walls are protuberant and therefore more obvious than in other tissues. Larvae randomly picked from these capsules were placed in a Petri dish filled with tap water, and morphological features of the larvae were studied under a microscope.
Behavioral study
In connection with the morphological investigations detailed above, the behavior of A. cantonensis larvae in the nodules of the snail lung was observed. Larval behavior can primarily be described with regard to the curvature of the larval body. The movement of larvae placed in Petri dishes was observed under a microscope fitted with a camera. Still pictures and video sequences were taken for documentation. For comparison, the behavior of free-living nematodes of the genus Rhabditis, isolated from water and soil, was also studied.
Histological investigation
In order to assess the usefulness of conventional histological cross-section for diagnosis of L 3 larvae of A. cantonensis within snail tissue, conventional hematoxylin and eosin (HE) staining and histological cross-sections of snail tissue were performed on day 61 post-infection. For recovery of larvae, the lung and foot tissues of the snails were separated from the snail body, and equal amounts were allocated to traditional cross-sectioning and artificial digestion, respectively. A solution containing 0.2% pepsin and 0.7% hydrochloric acid was used for artificial digestion, at a temperature of 37°C and an incubation period of 2 h (Lv et al. 2006) . Artificial digestion was used to identify the developmental stage of larvae within lung and foot tissues of the snail, and to ensure that all larvae indeed had developed into L 3 .
Results

A. cantonensis morphology
Distribution of refractive granules
A. cantonensis larvae recovered from lung tissue of P. canaliculata by means of microanatomy usually appeared to be intact. Few refractive granules were observed in very early stage L 1 (Fig. 1) . At early-stage L 1 (Figs. 2 and 3), refractive granules began to emerge in the larval body, and in later-stage L 1 (Figs. 4, 5, and 6) and L 2 (Figs. 7 and 8), they had increased and even obscured the expanded gut. A clear line emerged at the esophagus-intestine junction, dividing the larval body into an anterior section with few refractive granules and a posterior section dense with granules. Later, just before the second molting, the line blurred, and the amount of refractive granules decreased (Fig. 9 ). Some big refractive granules could still be seen in the posterior section of early stage L 3 (Figs. 10, 11, and 12) . Late stage L 3 were transparent, and the anus, excretory pore, and esophagusintestine junction could easily be identified (Fig. 13) . 
Ontogenesis of A. cantonensis larval head features
A pursed structure was observed at the apical end of the heads of early stage L 1 of A. cantonensis (Fig. 14a) . At a later stage of L 1 , the larval head had become wrinkled, and the head region appeared sharply conic. Additionally, a keratose cap covering the anterior end could be observed (Fig. 14b) . L 2 had a more obtuse and smooth head (Fig. 14c) . Shortly before the second molting, the head features of L 2 (Fig. 14d) were similar to that of L 3 as shown in Fig. 14e : two welldeveloped, rod-like structures with expanded knob-like tips at their anterior end were observed under the buccal cavity.
Variation in A. cantonensis larval sheaths
Counting the number of sheaths is the standard method for differentiating developmental stages of nematodes (Anderson 2000) . The undisturbed sheaths of A. cantonensis larvae recovered from P. canaliculata by microanatomy confirmed that exsheathment did not occur while developing within the snails. However, the number of sheaths around larvae recovered from snail tissue by artificial digestion varied considerably. Some L 3 had a single sheath sticking to their body surface through a vinculum-like structure (Fig. 11) , while other larvae appeared to have no sheath at all (Figs. 12 and 13 ). Similar observations were made for L 2 (Fig. 8) .
Histological sections failed to clearly identify 2 sheaths for L 3 . Typically, only one folded sheath could be observed (Figs. 15 and 16 ). There was no evidence suggesting that another sheath remained sticking to the wall of the cavity where the larvae had dwelled.
Microanatomy allowed observing the characteristics of sheaths shed during different moltings, resulting in several Fig. 7 Second-stage larva (L 2 ) of A. cantonensis with one sheath. The anus cuticle (AC) of L 1 is completely molted and presents on the sheath (S). The esophagus-intestine (EI) line appears clear Fig. 8 L 2 of A. cantonensis without sheath. The larval body is not destroyed, and the esophagus-intestine (EI) line still appears clear Fig. 9 L 2 of A. cantonensis with expanded knob-like tips (KT) and rod-like structure (RS). The developed larva shows capability of movement and the esophagus-intestine line has disappeared, whereas the anus cuticle (AC) of L 1 is well presented on the sheath (S) Fig. 10 Third-stage larva (L 3 ) of A. cantonensis with two sheaths. The outer one is the first sheath (FS) produced during the first molting, whereas the inner one is the second sheath (SS) produced during the second molting important observations. First, the inner sheath appeared more flexible than the outer one: while the former wrinkled when L 3 moved, the latter seldom did so when larvae were observed shortly after recovery from the snail. This finding is supported by the observation that the outer sheath was rarely wrinkled when L 2 wriggled. Second, a "T"-shaped structure (Figs. 10, 14c , and 14d) on the outer sheath distinguished the sheath shed during the first molting from that shed during the second one (Figs. 10 and 11) . Third, the inner sheaths were more obtuse at the anterior part than the outer ones.
Behavioral results
A. cantonensis movement outside the host
Early stage L 1 recovered from freshly collected rat feces usually kept their tail coiled, even when moving (Fig. 1) , while the tail of larvae recovered from snails on the third day after infection was stretched. Early stage L 1 were often fast moving, while middle-stage L 1 usually appeared motionless and "C"-shaped (Figs. 3 and 4) . In late-stage L 1 , only the head could be observed wiggling occasionally Fig. 11 L 3 of A. cantonensis with a single sheath. The flexibility of this sheath forms a vinculum-like structure (VS) during larval movement Fig. 12 Typical L 3 of A. cantonensis with expanded knob-like tips (KT) and rod-like structure (RS), but no sheath Fig. 13 Mature and transparent L 3 of A. cantonensis. Clearly visible structures include excretory pore (EP), esophagus bulbus (EB), intestine (I), and anus (A) Fig. 14 Features of A. cantonensis larval head at different stages of development; a head of early L 1 with a pursed mouth (PM); b head of late L 1 with keratose cap (KC) and wrinkles (W); c head of L 2 with a closed mouth (M) and a "T"-shaped structure (TS) at the anterior end of the sheath; d larval head at the end of the second-stage with expanded knob-like tips (KT) and rod-like structure (RS), whereas a "T"-shaped structure (TS) is apparent at the anterior end of the sheath; e head of L 3 with expanded knob-like tips (KT) and rod-like structure (RS) (Figs. 5 and 6 ). Due to the constraint presented by the sheath, L 2 merely vermiculated inside the sheath (Figs. 7 and 9), but if unsheathed, they showed slow movement. A mellifluous "Q"-movement characteristic of L 3 (Figs. 17 and 18) was embedded in regular "S"-movement. Although some early-stage L 3 were still constrained by their sheaths, later stage L 3 with two sheaths, as well as certain L 3 with a single sheath, consistently showed the mentioned characteristic "Q"-movement. This behavioral trait was not observed in other free-living nematode species and, hence, seems distinctive for A. cantonensis.
Shape of A. cantonensis larvae within the host tissue
Since most larval nodules are deeply embedded in the host tissue, it is difficult to observe the shape of the larvae. However, the lung tissue of P. canaliculata allows the direct observation of A. cantonensis larvae harbored inside. L 1 were observed to migrate to the lungs of P. canaliculata and to lodge in their walls, motionless, and in "C"-shape until undergoing further development. L 2 (Fig. 19) started to coil and finally became tightly coiled L 3 (Fig. 20) . L 3 embedded in lung tissue were enclosed in Fig. 15 Histological crosssections of an A. cantonensis larva embedded in the lung of P. canaliculata. Capsule (C) consisting of host cells surrounds the larval body (LB) with sheath (S). The normal lung tissue (LT) contains small cavities Fig. 16 Histological crosssections of an A. cantonensis larva in the foot of P. canaliculata. The capsule (C) containing the larval body (LB) with sheath (S) is embedded in the foot muscle (FM) of the snail Fig. 17 The "Q"-movement of L 3 of A. cantonensis with integral sheaths outside the intermediate host P. canaliculata Fig. 18 The "Q"-movement of L 3 of A. cantonensis without sheaths outside the intermediate host P. canaliculata capsules and did not migrate, indicated by the absence of empty nodules.
Discussion
Eosinophilic meningitis, a potentially fatal human brain disease caused by the nematode A. cantonensis, is endemic throughout Southeast Asia and East Asia, the Pacific islands, and the Caribbean (Kliks and Palumbo 1992; Prociv et al. 2000; Waugh et al. 2005 ). This food-borne parasitic disease is emerging in China, most likely due to the expansion of P. canaliculata (Lv et al. 2008 (Lv et al. , 2009 . Detection techniques for the identification of contaminated food are an important tool for the control of eosinophilic meningitis. However, only few immunological and biomolecular diagnostic tools are currently available that have a high sensitivity and specificity (Qvarnstrom et al. 2007 ). Therefore, conventional techniques, most notably artificial digestion and microscopic examination, remain the methods of choice for diagnosis. Unfortunately, these approaches have several limitations. For example, freshwater and terrestrial snails and slugs are often contaminated with nonparasitic nematodes, rendering unambiguous species identification a prerequisite. Additionally, most studies focus on the morphology of infectious L 3 of A. cantonensis, while L 1 and L 2 are often neglected (Ash 1970). Although the morphology of A. cantonensis in culture media has been described before (Hata and Kojima 1990) , detailed investigation in the snail intermediate host has rarely been done. Artificial digestion is commonly used to recover larvae which reside deep inside the host tissue. During artificial digestion, the sheaths can be broken and their bodies damaged.
We developed an animal model for systematically studying the developmental morphology and behavior of A. cantonensis. Since P. canaliculata snails have a distinct lung structure (Giraud-Billoud et al. 2008) , and the delicate wall of their lungs render larval nodules protuberant and visible, histological investigation can be performed. The nodules induced by A. cantonensis larvae in other parts of the snail body are more deeply embedded in the tissue and, hence, can rarely be identified under a microscope.
In the present study, particular attention was paid to the distribution of refractive granules, distinct head features of the larvae, variations in sheaths, and the larval locomotor behavior outside the snail host. Interestingly, the distribution of refractive granules has not been described in great detail before, despite this being one of the most obvious morphological characteristics to be studied under a microscope (Ash 1970; Bhaibulaya 1975; Brockelman et al. 1976; Hata and Kojima 1990) . The distribution of refractive granules appeared characteristic for each larval stage of A. cantonensis and distinct from that observed in other free-living nematodes. Our observations suggest that the density and distribution of refractive granules could be employed for establishing criteria to distinguish A. cantonensis larvae from those of other nematodes, and for identifying different developmental stages. However, it is also necessary to deepen our understanding of the dynamics of refractive granules in the larval body. Recently, Hüttemann and colleagues (2007) employed transmission electron microscopy (TEM) and described the inner structure of adult A. cantonensis.
Head structures of A. cantonensis appeared to change during larval development. The structure at the anterior end of L 1 obtained from rat feces consists of a closed mouth and sensory papillae, which can be observed by scanning electron microscopy (SEM; Xu et al. 1989; Ding et al. 1990; Hüttemann et al. 2007 ). The observed head features of late-stage L 1 differed from previous descriptions (Alicata 1965; Hata and Kojima 1990) . Wrinkles emerged at the anterior end of the head, implying that late-stage L 1 can move their heads, suggesting that the larvae observed in the present study could have been further developed than those previously described. Rod-like structures with expanded knob-like tips at their anterior end are generally considered characteristic of L 3 (Alicata 1965; Hata and Kojima 1990) . Indeed, previous SEM investigations of L 2 revealed that the mouth of this larval stage is similar to the closed mouth observed in L 1 (Ding et al. 1990 ). However, in the present study, similar mouth structures were observed for L 2 and L 3 . Thus, this specific feature should not be considered characteristic of L 3 only.
The number of sheaths enclosing larvae is the main feature for nematode stage classification. However, intact larval sheaths can rarely be observed after artificial digestion since this procedure usually results in the loss of sheaths, and L 2 without any sheath and L 3 with a single sheath are commonly observed. In histological sections, only the folded inner sheath enclosing the L 3 larval body can be observed. Microanatomy of larval nodules on lung walls allows studying intact sheaths. The sheaths generated during the first molting are tenacious with a "T"-shaped structure at the anterior end. The tenacious outer sheath might counteract the pressure from the snail tissue, since it forms a cavity within which the larvae lodge. This feature clearly distinguishes the sheath produced at first molting from that produced during the second molting. We speculate that the sheath features described here might facilitate an enhanced stage classification of A. cantonensis.
It is well known that nematode locomotor behavior varies from one species to another due to different structures and mechanisms (Gaugler and Bilgrami 2004 ). Yet, nematode locomotor behavior has been rarely utilized for species differentiation. The mellifluous "Q"-movement of L 3 A. cantonensis larvae clearly distinguishes them from free-living nematodes. Hata and Kojima (1990) studied larvae cultured in vitro and noted that exsheathment could either be attributed to suppressing factors which were absent in the medium or to factors which facilitated exsheathment. Our observations indicate that L 3 exsheath shortly after recovery from the host tissue when placed in tap water. We conjecture that physical factors might drive this process, and exsheathment is common outside the intermediate host.
The P. canaliculata model employed here allows to microscopically observe A. cantonensis larvae harbored in the nodules on the lung wall of the snail. The knowledge of typical larval shapes at different developmental stages facilitates the reading and interpretation of histological sections. Neither empty nodules nor nodules with exsheathed larvae were observed, indicating that migration only occurs in the early period before larvae settle and nodules develop. Thus, it appears that larvae do not exsheath in snails, contradicting the observations of Alicata (1965) and Brockelman et al. (1976) . However, as of now, it cannot be ruled out that the situation in P. canaliculata differs from that in other intermediate host snails.
The morphological and behavioral characteristics of A. cantonensis investigated in this study can be microscopically observed without preliminary fixing and staining. Thus, these tools could be employed for screening snails for infection with A. cantonensis, hence could become an important issue when attempting to enhance food safety. Additionally, the time of infection can be established based on the described features characterizing different developmental stages of the larvae, facilitating the identification of the source of contamination, and the planning and monitoring of control strategies.
